IMPORTANCE Colonoscopy is the most commonly used colorectal cancer screening test in the United States. Its quality, as measured by adenoma detection rates (ADRs), varies widely among physicians, with unknown consequences for the cost and benefits of screening programs.
C olorectal cancer is the second leading cause of cancer deaths in the United States. 1 Screening colonoscopy reduces colorectal cancer mortality risk through detection and treatment of precursor adenomatous or early cancerous lesions, [2] [3] [4] but its effectiveness depends on examination quality. [5] [6] [7] A currently recommended colonoscopy quality indicator, the adenoma detection rate (ADR), has been found to vary at least 3-fold across examining physicians. [8] [9] [10] A recent large US study found that this variation is associated with patient outcomes. Compared with patients of physicians with the highest ADRs, patients of physicians with the lowest ADRs had a nearly 50% higher risk of colorectal cancer and a 60% higher risk of fatal disease within 10 years of follow-up after colonoscopy. 10 This suggests that higher adenoma detection is associated with both better disease detection and management. However, little is known about the consequences of different levels of ADRs for the lifetime benefits, risks, and costs in a program using colonoscopy as the initial and primary screening test in an average-risk population. Higher ADRs may accrue mostly from increased detection of small low-risk polyps, resulting in an increased number of subsequent surveillance colonoscopies, and complications from polyps that may never cause fatal disease. Thus, any benefits of higher ADRs may be outweighed by the corresponding harms. 11 In the present study, we evaluated various outcomes for a colonoscopy-based colorectal cancer screening strategy according to different adenoma detection rate levels, including lifetime colorectal cancer incidence and mortality, the number of colonoscopies and related complications, and screening and treatment costs.
Methods
We used microsimulation modeling of screening in a US population cohort with community-based data on ADR variation and cancer risk. This study was approved by the Kaiser Permanente Northern California institutional review board, which waived the requirement for informed consent, and was conducted as part of the US National Cancer Institute-funded consortium Population-Based Research Optimizing Screening through Personalized Regimens, which aims to conduct multisite, coordinated, transdisciplinary research to evaluate and improve cancer screening.
Data
Physician-level (ADRs) and patient-level (age, sex, race/ ethnicity, cancer diagnosis) data were gleaned from an integrated health care delivery system. 10 The data for this study were confined to screening colonoscopies performed by 136 gastroenterologists between January 1, 1998, and December 31, 2010. Outcomes were ascertained in the 6-month to 10-year period after initial colonoscopy through December 31, 2010. The screening indication excluded patients who had prior adenomas or colorectal cancer; inflammatory bowel disease within 10 years; colonoscopy within 10 years and sigmoidoscopy within 5 years; positive fecal hemoglobin test within 1 year; or abdominal symptoms within 6 months. Adenoma detection rates, the proportion of a physician's screening colonoscopies that detect at least 1 histologically confirmed adenoma, ranged from 7.35% to 52.51%; the averages were 15.32% (range, 7.35%-19.05%) for quintile 1, 21.27% (range, 19.06%-23.85%) for quintile 2, 25.61% (range, 23.86%-28.40%) for quintile 3, 30.89% (28.41%-33.50%) for quintile 4, and 38.66% (33.51%-52.51%) for quintile 5.
Microsimulation Model
The Microsimulation Screening Analysis-colon (MISCANcolon) model is part of the Cancer Intervention and Surveillance Modeling Network sponsored by the US National Cancer Institute and has informed US Preventive Services Task Force screening recommendations. 12 The model is described extensively in the eAppendix in the Supplement. In short, a MISCAN-colon analysis generates an average-risk screening population with similar life expectancy and risk of colorectal cancer as the US population. It specifies, with individual variability, the risk of developing 1 or more colorectal neoplasia through the adenoma-carcinoma sequence, and potential cancer-related reductions in life expectancy. Different screening scenarios can be evaluated. The modeled effectiveness of screening shows good concordance with observed interval cancer rates from trials of fecal occult blood tests and endoscopy (eFigure 4 in Supplement). [13] [14] [15] [16] Natural History of Colorectal Cancer
The MISCAN-colon model assumes that colorectal cancer develops progressively from small (≤5 mm) through medium (6-9 mm) or large adenomas (≥10 mm). An early-stage tumor may progress to an advanced-stage tumor without symptoms or may become symptomatic during any stage and be clinically diagnosed. Some patients die of the disease and lose life-years, while others die of competing causes before or after developing cancer. Serrated adenomas are not modeled distinctly from conventional adenomas. 17 Adenoma prevalence and age-, stage-and location-specific incidence of colorectal cancer in the absence of screening used data from the era before screening became commonly used ( Table 1 , eAppendix in the Supplement). Age-, stage-and location-specific survival used cancer registry data on patients diagnosed in 2000 through 2003 with follow-up to 2010; mortality from competing causes was estimated from 2010 US lifetables.
Performance Characteristics of Colonoscopy
The modeled effectiveness of colonoscopy screening depends on assumptions regarding its completeness and sensitivity for adenomatous lesions (Table 1) . For this study, we used observed data from Kaiser Permanente to derive sensitivities for colonoscopy at the 5 ADR quintiles, while assuming no underlying differences in adenoma prevalence. 27 In a separate analysis, patient populations in each quintile were simulated using the age distribution at screening (eMethods in Supplement). We derived 5 different sets of parameters for per-lesion sensitivity by polyp size to reproduce the average ADR for each quintile. These were In multiway probabilistic sensitivity analysis, model parameters varied randomly by uniform, β, or lognormal distributions. To limit the degrees of freedom, some parameters were assumed to be correlated: sensitivity for small adenomas with sensitivity for medium adenomas, sensitivity for large adenomas with sensitivity for cancer, all complication types, costs of colonoscopy with and without polypectomy, and all treatment costs. b Sensitivity was defined as the probability of detecting an adenoma at examination. c The lack of specificity indicates how many examinations that did not detect adenomatous lesions included polypectomy for nonadenomatous lesions. d Colonoscopy was considered complete if the cecum was reached. For incomplete examinations, the end point was assumed to be distributed uniformly over the colon and rectum. e We assumed no higher risk for colonoscopy without polypectomy.
Complication risks for polypectomy were assumed to increase exponentially with age. The fatal perforation rate was derived from estimates of the incidence of perforation and case-fatality for perforation. 22 Downloaded From: on 09/10/2018 constrained by assuming that (1) sensitivity for cancer was 98% across all quintiles; (2) sensitivity for medium to large adenomas varied less than for small adenomas and increased according to a fixed rule from the lowest to the highest quintile (fixed-detection likelihood (sensitivity/ [1−sensitivity]) ratios for adjacent quintiles) while matching estimates for average practice in the middle quintile (85% for medium adenomas, 95% for large adenomas) 5 ; (3) maximum sensitivity for adenomas was 98%. Sensitivity for adenomas was then varied to match ADR values with 0.1-point precision. The estimates were independent of adenoma location. The data on cancer diagnoses after colonoscopy were compared with the cancer incidence predicted by the model.
Complication Risk of Colonoscopy
Adverse events for colonoscopy including polypectomy used age-specific complication rates derived from published literature (Table 1) . 22, 23 
Costs of Screening and Treatment
The approximate societal costs of colonoscopy, complications, and colorectal cancer treatment were based on 2007 Medicare payment rates and co-payments (Table 1) . [24] [25] [26] All costs included patient time valued at the median US wage in 2013, updated to December 2013 based on the general consumer price index. 28 Costs of colonoscopy with polypectomy included a variable component for polyp resection and pathology based on number of polyps resected.
Outcomes
Outcomes included were colorectal cancer incidence and mortality, years of life lost, number of colonoscopies, complications, and the costs of screening and treatment in unscreened persons and in those screened according to ADR quintiles. In addition, we estimated the average outcome differences associated with each 5 percentage-point increase in ADRs using linear regression. Outcomes were discounted to 2010 at a fixed annual rate of 3% and reported with uncertainty ranges.
Analysis
We simulated a US population cohort of 10 million men and women born January 1, 1960. For patients reaching the age of 50 without having colorectal cancer diagnosed (9.4 million), we compared the outcomes of no screening or of screening colonoscopy at ages 50, 60, and 70 years by physicians from 1 of the 5 ADR quintiles. 12 Patients with adenomas detected were assumed to receive surveillance according to current US guidelines. 29 We assumed that the same physician performed all screening and surveillance colonoscopies for each individual patient, and thus, ADR exposure level remained constant during the life-course. Multiway probabilistic sensitivity analysis was conducted to derive 95% confidence intervals for all outcomes evaluated. 30, 31 In 1000 simulation runs of 10 million persons, we varied 13 key parameters along uniform, β, or log-normal distributions ( Table 1) .
Sensitivity Analysis
We evaluated the robustness of results using several alternative modeling scenarios. Between-quintile ADR variation was attributed either entirely to examination sensitivity for small lower-risk adenomas; equally to examination sensitivity for small, medium, and large adenomas; or partially to examination sensitivity and to adenoma prevalence or colonoscopy completion rates (≈ 1% higher per percentage-point >ADR). Patients with adenomas received either more intensive or no surveillance. We also evaluated a 50% increased colonoscopy cost level and undiscounted outcomes.
To evaluate data uncertainty, we performed a bootstrap analysis on the association between observed average ADR and interval cancer rates across quintiles and contrasted the resulting weak and strong association samples (2.5th-97.5th percentile) to the modeling scenarios.
Statistical Software
For microsimulation modeling, we used Delphi 7.0 (Borland Software Corp). Additional data analyses were performed using Stata 13.1 (StataCorp).
Results
A total of 57 588 screening colonoscopies were performed by 136 physicians from 1998 through 2010 ( Table 2) . After exclusion of patients with less than 6 months' follow-up (n = 7718), there were 179 682 person-years of follow-up. Interval colorectal cancer incidence per 100 000 person-years varied from 66.6 (95% CI, 43.2-97.0) in quintile 1 to 39.0 (95% CI, 22.7-62.4) in quintile 4, but was 49.7 (95% CI, 27.8-81.9) in quintile 5.
Simulated Interval Cancer Incidence
To replicate the average detection rate per quintile, colonoscopy sensitivity was varied according to adenoma size from: 14.7% in quintile 1, 41.0% in quintile 3 to 98% in quintile 5 for small adenomas; 39.6% to 98% for medium adenomas; and 88.0% to 98% for large adenomas (see Table 1 for estimates per quintile). The model closely reproduced observed colorectal cancer incidence in the lower 4 quintiles, but underestimated incidence in the upper quintile (eFigure 7 in Supplement).
Lifetime Colorectal Cancer Outcomes Without and With Screening
The model estimated that the average overall life expectancy without exposure to screening and surveillance was at age 81.1 years, the lifetime colorectal cancer risk was 34.2 per 1000 (95% CI, 25.9-43.6), the lifetime colorectal cancer mortality risk was 13.4 per 1000 (95% CI, 10.0-17.6), and the years of life lost due to colorectal cancer was 138.7 life-years per 1000 (95% CI, 103.0-184.0), which is about 10.4 years per cancer death ( Table 3) . Among screened patients, simulated lifetime risk of colorectal cancer incidence was on average 19.1 per 1000 (95% CI, 14.3-24.8), mortality was 3.8 per 1000 (95% CI, 2.8-5.2); and years of life lost due to colorectal cancer was 42.7 (95% CI, 30.9-57.5) life-years per 1000 patients.
The modeled risks were inversely related to the level of adenoma detection ( Table 3 ). The simulated lifetime risk of colorectal cancer per 1000 was 26.6 (95% CI, 20.0-34.3) for patients of physicians in quintile 1 and was monotonically lower for subsequent quintiles; in quintile 5, the simulated lifetime colorectal cancer risk was 12.5 (95% CI, 9.3-16.5). Compared with quintile 1, simulated lifetime risk of colorectal cancer was on average 11.4% (95% CI, 10.3%-11.9%) lower for each 5 percentage-point increase in ADRs (Figure) . Similarly, the simulated lifetime risk of colorectal cancer death per 1000 decreased from 5.7 (95% CI, 4.2-7.7) in quintile 1 to 2.3 (95% CI, 1.7-3.1) in quintile 5 as did the associated yearsof-life lost from 61.4 (95% CI, 44.4-82.9) in quintile 1 to 27.0 (95% CI, 19.5-36.2) in quintile 5. The simulated lifetime risk of colorectal cancer death was on average 12.8% lower (95% CI, 11.1%-13.7%) for every 5 percentage-point increase in physician ADRs.
Colonoscopy Volume and Complications
The model's total estimated number of colonoscopies per 1000 patients was progressively higher from quintile 1 (2777, 95% CI, 2626-2943) to quintile 5 (3376, 95% CI, 3081-3681) ( Table 4) , an average of 4.6% (95% CI, 3.6%-5.7%) for every 5-point increase in ADRs (Figure) . This difference was related to more frequent surveillance in patients of physicians with higher ADRs. The simulated lifetime risk per 1000 of serious gastrointestinal complications such as postpolypectomy bleeding and perforation was also higher from quin- 
Sensitivity Analyses
The simulations were stable to various assumptions regarding colorectal carcinogenesis, colonoscopy efficacy, and surveillance intervals (Figure) . Although simulated costs were more unstable, the absolute corresponding cost differences were small (eTable 1 in the Supplement). Without discounting, the estimated benefits of higher ADR were approximately twice as large as with discounting (eTables 2 and 3 in the Supplement).
For quintiles 1 to 4, strong-and weak-association scenarios from the bootstrap analysis for observed ADR and cancer incidence data were within the predicted ranges of the sensitivity analysis models (eFigure 7B in the Supplement).
Discussion
This study used data from a large community-based US health care system in a microsimulation model to estimate the lifetime outcomes and costs of colonoscopy screening at different levels of adenoma detection. 10 Our results suggest that higher adenoma detection rates may be associated with up to 50% to 60% lower lifetime colorectal cancer incidence and mortality without higher net screening costs despite a higher number of colonoscopies and polypectomy-associated complications.
The differences in observed interval colorectal cancer incidence were assumed to result from differences in the sensitivity of the examination, particularly for small-to mediumsized adenomas. However, ADR may act as a surrogate for other aspects of colonoscopy quality, such as the test completeness, adequacy of lesion resection, and removal of more aggressive lesions such as sessile serrated polyps. 33 Although some of these alternative explanations were evaluated in sensitivity analyses, with similar long-term results (Figure) , we could not establish which factors accounted for the observed differences (eFigure 7B in the Supplement) and whether others might be involved.
The frequency and intensity of surveillance of patients with adenoma may also contribute to patient outcome differences because higher ADRs increase the number of patients for active surveillance. 29 However, sensitivity analyses indicated that surveillance did not account for the simulated survival benefits for patients of physicians with higher ADRs (Figure) . Future research is needed to assess whether the current intensity of surveillance is still appropriate if test sensitivity further increases. Prior studies have shown an inverse relationship between ADR level and the patient's risk of colorectal cancer up to 5 years after colonoscopy. [34] [35] [36] A recent large study found that patients of physicians in the highest ADR quintile had a 48% lower disease risk and a 62% lower mortality risk com-pared with the lowest quintile. 10 Adenoma detection rates may relate to patient outcomes over a lifetime of colonoscopy screening and surveillance. Our model estimated that discounted lifetime incidence and mortality risks averaged 11% to 13% lower for every 5-point higher ADR, which translates to overall differences of 53% to 60% between the lowest and highest quintiles. Higher ADRs were associated in the model with up to 34.4 additional life-years saved per 1000 patients, which represents about 10 years per prevented cancer death, 2 weeks per average patient, and one-third of the maximum were relatively narrow because we applied the same assumptions for the natural history of colorectal cancer to all patients (Table 1) . Colonoscopy sensitivity was the only assumption varied independently for each quintile. Data markers represent means. b Results were similar for years of life lost to cancer. c We evaluated 4 alternative causal models for observed cancer incidence differences across quintiles: in scenario 2, all variation in ADRs was attributed to sensitivity of colonoscopy for adenomas smaller than 5 mm, which varied from 5.4%, lowest, to 98%, highest quintile; in scenario 3, all ADR variation was attributed equally to sensitivity for small, medium, and large adenomas, which varied from 26.0% to 98%; in scenario 4, it was assumed that the rate of completeness of colonoscopy along with differences in colonoscopy sensitivity accounted for the observed ADR-variations, varying from 75% to 98%; and scenario 4, adenoma prevalence up to a relative 25% higher with higher ADR was assumed. d Under intensified surveillance, we assumed that all patients with adenomas detected at colonoscopy underwent surveillance at 3 years after the procedure and that patients with a negative surveillance colonoscopy underwent surveillance at 5 years. For reference, in the base-case analysis, patients with adenomas found at colonoscopy were referred for surveillance after 3 or 5 years, depending on the number and size of the adenomas detected. Patients with no surveillance colonoscopy were referred for a follow-up colonoscopy in 5 or 10 years, depending on whether the preceding interval was 3 or 5 years. e The mean differences in simulated outcomes were derived by linear regression and presented relative to the model outcomes for ADR quintile 1 (5 × β ols /outcome q1 ). 1 Screening colonoscopy is considered cost-effective for preventing colorectal cancer through adenoma detection and removal. 12, 37 However, it has been suggested that incentivizing higher adenoma detection, for example through valuebased purchasing programs, 38 could lead to unacceptably higher cost because of more frequent surveillance in patients with low-risk adenomas. 11 Our model suggests that higher detection rates are associated with only a moderately higher total number of colonoscopies. Although the average surveillance patient in the modeling analysis received about twice as many procedures as a patient without detected adenomas, the additional proportion of patients undergoing surveillance with higher detection rates was limited to a maximum of 17%. By evaluating the costs for screening, surveillance, screening-associated complications and cancer care, our model suggested that ADR is not associated with higher overall costs.
Another theoretical disadvantage of higher ADRs is a higher risk of complications due to more colonoscopies and analysis. c Patients with adenomas detected had surveillance colonoscopies 3 years after the detection of at least 1 large adenoma or at least 3 adenomas of any size, and 5 years after the detection of at least 3 adenomas with a diameter of less than 10 mm. In case of a negative surveillance colonoscopy, the next interval was 5 or 10 years, depending on whether the length of the preceding interval was 3 or 5 years. Surveillance was continued until death or diagnosis of cancer. d For the simulated effect of fatal perforations on life-years lost, we assumed immediate death. e Besides resources for endoscopy and endoscopy-related complications, screening colonoscopy also influenced the modeled resources for cancer care. Higher ADRs were associated in the model with a lower use of these resources, because of lower associated cancer incidence. f Net screening costs were derived by comparing the estimated total medical costs in case of screening (screening and cancer treatment costs) with the total medical costs in case of no screening. Minor inconsistencies in the resulting net costs are due to rounding. polypectomies. The model suggested that for every 5-point higher ADR, the lifetime complication risk is on average 10% higher. The corresponding absolute risk difference of 0.6 per 1000 was counterbalanced in the model by a 3.0 per 1000 lower risk of colorectal cancer and a 0.7 per 1000 lower risk of disease-related mortality (eTable 1 in the Supplement). Our model included mild gastrointestinal symptoms such as nausea or abdominal pain and rare fatal complications. The model's complication rates are somewhat lower than those presented by other studies 33 because we adjusted our estimates for the risk of similar events in the group unexposed to colonoscopy. 22 The model predicted all colorectal cancer outcomes to be lower for every higher quintile of adenoma detection. These predictions closely replicated the observed interval cancer incidence in the lower 4 quintiles but underestimated adenoma detection and interval cancer incidence for the highest quintile (eFigures 7 and 8 in the Supplement). Although this suggests more uncertainty for the associations beyond approximately 30% (quintile 4 average), in a much larger sample of colonoscopies for all indications from the same data source, a plateau in outcome differences across quintiles was not observed. 10 This study has some other potential limitations. First, we confined the ADR estimates and analyses to screening colonoscopies. This decreased the number of interval cancers and therefore the precision. However, sensitivity analyses indicated that this did not have a strong effect on long-term model projections (eFigure 7B in the Supplement). Second, colorectal adenomas and cancer risk without screening were modeled using more than 10-year-old data. Uncertainty in corresponding model parameters was assessed with probabilistic sensitivity analysis. Third, our findings for the average association between ADR and patient outcomes do not necessarily mean that modifying ADR alone in individual physicians would lead to fewer interval cancers for their patients, given that modeling cannot prove causal relationships. Fourth, our estimates assumed adherence to screening and surveillance guidelines and that patients received colonoscopies from physicians with similar ADRs throughout their lifetimes. Finally, our cost estimates used Medicare rates and co-payments without supplemental anesthesia costs, and thus may not represent true societal screening costs. 39 We also assumed that there was no overuse of surveillance or screening. 40 However, sensitivity analyses suggested that these surveillance and costrelated factors may not have a large net effect (Figure and 
Conclusions
In this microsimulation modeling study, higher adenoma detection rates in screening colonoscopy were associated with lower lifetime risks of colorectal cancer and colorectal cancer mortality without being associated with higher overall costs. Future research is needed to assess why adenoma detection rates vary and whether increasing adenoma detection would be associated with improved patient outcomes.
